The following description of the response of the optic cortex to stimulation of the optic nerve presents the first stage of a projected study of the entire optic tract in terms of the electrical activity of its various elements. Our basic assumption is that the functioning of each element of such a nervous pathway will be accompanied by an electrical potential; that this potential is a valid and potentially quantitative index of such activity; and that of the concrete signs of cell a.ctivity detectable, action potentials can be recorded most precisely, and with the minimal disturbance of normal activity.
The following description of the response of the optic cortex to stimulation of the optic nerve presents the first stage of a projected study of the entire optic tract in terms of the electrical activity of its various elements. Our basic assumption is that the functioning of each element of such a nervous pathway will be accompanied by an electrical potential; that this potential is a valid and potentially quantitative index of such activity; and that of the concrete signs of cell a.ctivity detectable, action potentials can be recorded most precisely, and with the minimal disturbance of normal activity.
When the optic nerve of the rabbit is stimulated directly by single electrical shocks, the retina having been cut away, there can be recorded from the surface of the optic cortex a rather specific series of electrical potential waves, presumably indicating the response of various neurones of the optic pathway. There are typically five of these waves, arising at intervals of about one-fifth second. A single stimulus applied to all the fibers of the optic nerve is hardly comparable, from the point of view of the sensation to be expected, to the complicated pattern of stimuli which the retina itself must deliver to the optic nerve fibers in any given visual act. Our procedure has one advantage however, in that the response is simpler to analyse if the retinal complications are out of the picture, and if the responses of all the elements in parallel occur at the same time. We are taking as a working hypothesis the assumption that if we can trace first a simple impulse through the sequence of nervous elements that must make up the whole visual pathway, detecting its course and its time of arrival at various points, we will presumably have data that can be applied to the interpretation of more complex responses; quite as, from the anatomical side, a study of neurones contributes to a knowledge of nervous pathways made up of many neurones. The only claim we make for these results is that they give us information as to one way in which the optic pathway can function, not that they tell us how it always does function in the intact animal.
That the succession of electrical potentials following a single stimulus signalizes the activity of successive neurones along the visual pathway, probably successive layers of cortical cells, seems the most plausible explanation of these records, and some evidence for this inference will be presented in due course. We are certain however, that we have not detected the activity of all the elements involved.
We infer, that is, that these cells responding are among those whose activity results in vision; but we wish to avoid for the present any interpretation of psychological function parallel to the physiological functioning here studied.
There is one general fact, however, that may be worthy of consideration in what follows.
While the results from over fifty rabbits successfully recorded show complete agreement in the general type of responses obtained, certain details of the records vary considerably, and as yet unpredictably, both from animal to animal and in the same animal under different conditions. This is a reasonable result merely from the physiological complexity of the pathway involved, and the corresponding psychological variability of sensory phenomena may be supposed to correspond similarly to a basic physiological complexity.
TECHNIC. Rabbits have been prepared in a variety of ways with uniform results. Operations were performed under light general ether, amytal or magnesium sulfate anesthetic, and under local novocaine. At a concentration of anesthetic that just keeps the animal quiet, amytal seems to depress the cortical response to the greatest degree, and magnesium sulfate the least. In fact no difference can be observed in the records between a suitably numbing dose of magnesium and no anesthetic at all. This degree of anesthesia however does not prevent an occasional violent kick from the animal's hind legs, which is liable to disturb the electrodes on the brain, and later experiments were conducted after recovery from ether, the spinal cord having been transected and the margins of wounds painted with novocaine. Since the most serious complication arises from poor blood supply to the cortex, and since stretching out the animal's hind legs engorges the abdominal pool with blood, after cord transection the animal's hind legs were placed under him, and 50 cc. of Tyrode's were injected intraperitoneally. The eye was removed and the optic nerve laid bare of muscles, but not dissected clean, as it was found that the optic nerve soon became non-irritable if its blood supply was cut off. The posterior cortical lobe of the opposite side was exposed and the dura removed.
A ring support 12 cm. in diameter clamped to the head-holder carried electrode holders that could be slid around to make any angle with the midline, and each holder carried an electrode wire sliding through a ball-andsocket joint, allowing a wide range of movement ( fig. 1 ). Electrodes of silver and silver chloride were used, and from each holder a connection passed to each of two multiple-contact switches. To the control arm of each switch was attached one of the leads to the cathode ray oscillographamplifier recording system, so that any electrode could be connected to grid or ground lead at will, or one of several electrodes on different cortical areas selected.
For stimuli, condenser chargers were employed (Bishop and Heinbecker, 1930) a threshold response in a sensitive preparation being the current from a 0.01 m.f. condenser charged at from three to six volts.
A Fig. 1 . The stimulating and recording arrangement. It consists of A, bridge stimulator which reduces shock artifact; B, the two rotor switches in parallel providing for use of any two leads; and C, the ring support holding the electrodes, each secured to it by adjustable ball-and-socket clamps similar to H. Co. is the optic cortex, and ON. the optic nerve.
Since this stimulating current was passed through a symmetrical bridge to reduce distortion in the record from the stimulus escape ( fig. l) , the current actually passing through the nerve in one arm of this bridge was one-half of thisvalue, and the threshold varied to considerably higher values depend-. ing on the cleanness of dissection, diameter of nerve, and probably on blood supply to the optic nerve fibers under the cathode.
Two methods of recording were employed. In the first ( fig. Z) circuit breaker timed at about one per second, had a series of contacts arranged as follows. One contact caused the oscillograph beam to pass too rapidly to be visible from right to left, and upon its break, the beam moved from left to right at a linear rate controlled by a condenser charged through a vacuum tube (Bishop, 1929) . This gave a time coordinate, and with five lugs on the contact wheel, five lines were described on the face of the oscillograph during each cycle, three or four thousandths of a second being lost each time the beam returned from right to left ( fig. 2) . A second single contact at each cycle caused the beam to move abruptly upward to the top of the oscillograph, the spot then moving slowly downward during the remainder of the cycle. Thus these five lines appeared successively one below the other at each cycle of the interrupter.
A third lug was arranged to engage a toothed pawl, one tooth being advanced at each cycle, the wheel being set by depressing a foot switch. When the foot switch was down the beam was deflected far to the left, off the oscillograph screen, the tube being therefore dark. When the foot was lifted, the first tooth engaged at the next succeeding revolution of the interrupter caused the five lines to appear on the oscillograph, and a cut film placed in contact with the oscillograph during the previously dark period recorded the cortical response during one cycle. The second tooth being engaged, the oscillograph was again dark-ened as before for one cycle, during which the film was removed without complication from a repetition of the picture; and at the next cycle the record was again allowed to appear on the oscillograph for visual observation. Three more contacts on the interruptor served to deliver one, two or three stimuli to the optic nerve at any desired intervals, and still another threw a calibrating voltage in series with the electrodes to the animal. Now if the interruptor turned at a speed of once per second, and if, following a single stimulus to the optic nerve, the typical waves appeared in the cortical record at one-fifth second intervals, successive waves appeared one in each line, and each directly below its predecessor ( fig. 2) .
The other method of recording employed a second oscillograph set up in parallel with the first, fed by the same amplifier, but without the mechanism for producing a time coordinate.
The oscillograph beam therefore moved only perpendicularly to follow the record. A 60 mm. wide film or bromide paper was then fed through rollers and guides which held it in contact with the oscillograph screen, producing the time movement.
Time in seconds or fifths was marked on the record by making a contact in a circuit close to the amplifier input but not connected to it, which caused a succession of sharp breaks in the base line. The extended record could thus be watched on one oscillograph while being photographed on a moving film by the other. Records up to one meter per second were made on bromide paper.
Unless otherwise specified, a ground electrode serving as an indifferent lead was placed on the side of the head on injured tissue, and one or more point electrodes consisting of no. 30 silver wires were situated at the points on the cortex to be recorded from. Each wire electrode was protected by a broadened base made of celluloid to prevent its injuring the cortical surface, t.he wire ending flush with the flat surface of the celluloid.
The stimulating circuit was also grounded through the bridge employed.
Various tests of these leads indicated that the activity recorded was assignable to elements well within two millimeters of the point electrodes.
A sensitivity up to two meters per millivolt was available, but could not in general be employed profitably, because the finer details which it might have been used to detect would only appear superposed upon the large waves of the record, which at such a sensitivity pass beyond the limits of the oscillograph recording surface. Sixty to two-hundred millimeters per millivolt served for the average preparation, and at this sensitivity no serious disturbances from the animal or from stray fields enter into the record. In a room at 70"F., it was not found necessary to apply heat to the preparation.
Spontaneow activity and response to stimulation. The rabbit's cortex, like that of the dog (Bartley and Newman, 1930) , is spontaneously active, so that whatever response to stimulation is obtained must be superimposed upon the considerable amount of activity that is already present.
If the S. HOWARD BARTLEY AND GEO. H. BISHOP response is small it may be hopelessly confused in the spontaneous picture, but if large and not too variable, it can be identified with certainty. The amplitude and other aspects of the recorded spontaneous activit.y vary from place to place upon the cortex.
Generally, if not always, in the passive animal, the greatest "spontaneous" activity, (that is, not due to a specific experimental stimulus) is found in the anterior half of the cortex. Inasmuch as no response from stimulating the optic nerve is obtained from within this area, relatively little exploration has been made there.
The specific response to optic nerve stimulation is found only on the posterior half exclusive of the median portion bounded by what in the carnivora is the lateral sulcus, and where it is found, it varies somewhat from place to place. In general, within the optic cortex, the regions showing the greatest spontaneous activity give the lowest specific response to stimulation. A very low, but otherwise similar response may be obtained from the homolateral cortex.
If, in a passive animal, a brief but strong electrical shock is delivered directly to the optic nerve, one observes rising out of the record of the spontaneous activity of the contralateral cortex in the occipital region, a series of large waves easily recognized by their size, and by their stability of location upon repeating the stimulus ( fig. 3) . The approximate spacing of the major components of this series is so near to being one-fifth second that one can use this interval as a guide in looking for them.
The first of these five waves follows the stimulus by a few sigma, and is often liable to be confused with the record of the shock itself.
It is also, when maximal, always the largest of the series.
Careful analysis of this first element following threshold stimuli to the optic nerve shows that it is not simple, but consists of two responses superposed in the record, one small, and monophasic, appearing in response to the weakest stimulus, and a second, at slightly higher threshold, which is diphasic.
As the stimulus is increased, the second component appears before the first has become maximal, and grows so rapidly that it is impossible to say how large a portion of the total is to be assigned to the monophasic wave.
In a few preparations where the interval of the threshold for these two components was greater than usual, it was possible to establish the fact that even below threshold for the diphasic element, the first monophasic wave was followed, at about one-fifth second intervals, by at least three of the series of waves th.at became prominent with stronger stimuli.
It is therefore inferred that there are two more or less independent responses of the cortex, one so far as we know single, that is, consisting of a simple diphasic wave following each stimulus by a short interval, the other complex, that is, consisting of at least five waves, generally monophasic in our records, and occupying more than a second after a single stimulus. A more detailed analysis of the meaning of the polarit'y we find in these records will be undertaken separately but for the present we wish to avoid giving the impression that we believe that the nervous elements responding become themselves positive with activity.
Relative positivity at the surface means only relative negativity direct,ed away from the surface, and quite plausible assumptions as to the polarity of the responding elements will account for most of these records on the conventional basis that nerve activity gives a negative potential sign.
In the passive rabbit, the longest %pontaneouC2 waves are about one hundred sigma in t,otal duration, with several other orders of waves present at the same time, the most prominent among which are those about eighteen sigma in duration. On the other hand, in the animal which is either actively tense or squirming, the original waves are complicat,ed by others several times as high and only a few sigma in length. These are due both to vibrations of the electrodes in contact with the preparation, and to stray currents from muscle activity, and presumably are not assignable to the optic cortex.
It appears that light anesthesia does not noticeably alt,er the records of spontaneous activity just described. We have not yet been able to demonst,rate that there is any feature of the patt,ern disturbed by the amounts of anest,hetic that we have used to immobilize our animals. Deep anesthesia does, of course, reduce the amplitude of the potentials to extinction, with an int'ermediate stage where the record becomes simpler and more repetitive than normal.
The highest elevations of the spontaneous record are not over one-fifth millivolt, although occasionally in a rabbit which is restless, larger single pot,entials not due to optic nerve stimulation seem to be assignable to activity of the optic cortex. On a base line whose average deviations are less than one-tenth millivolt, the responses to stimulation in a good preparation rise from one-half to one millivolt, and the first diphasic wave may show each phase larger t,han this. The durations of t,he individual potenGals of the responses are never less than about twenty sigma, when single and very sharp, and in place of such a single wave, there may appear a group of several lower waves of similar duration. It appears that the spontaneous activity could be interpreted as the algebraic sum of a large number of simple rhythms, more or less out of phase, each unit being of the order of duration of one of the units of the record following stimulation of the nerve. No waves have been detected with durations of the order of those of nerve fiber action potentials in peripheral nerves, and other considerations lead us to believe that nerve fiber potentials do not appear in our records, but that these potentials are assignable to cell bodies or to specialized nerve endings associated with them. With a constant repeated stimulus, records from different parts of the optic cortex vary in amplitude and may vary somewhat in time, but there is no indication that the impulses we record reach normally certain parts of the cortex directly and then propagate laterally across it. Rather a complete record is assignable to elements responding similarly at each point of the cortex.
Near the edge of the active area the record is lower, and the later waves drop out, leaving only two or three recogniza,ble; and in a marginal area the first diphasic potential can be elicited where the series of monophasic potentials, if not actually absent, is perhaps too low to be visible above the spontaneous activity of the cortex.
Cortical responses to single stimuli increase in amplitude with increase in strength of stimulus to the optic nerve, until two or three times the threshold value has been reached. This is obviously an effect of stimulating more nerve fibers.
Furthermore, the threshold and maximal stimuli appear to be the same for all parts of the optic cortex; for instance, stimulation of only the most irritable fibers of the optic nerve causes a response everywhere in the cortex, but this response is everywhere a weak one. On the other hand, when a single stimulus calls forth a just maximal response, not all the fibers of the optic nerve have been stimulated. This is shown by the effect of two stimuli a second or two apart.
The second series of responses is not maximal unless the second stimulus is considerably above the maximal value for a first response.
Apparently the relationship between a given optic nerve fiber and a group of nervous elements responding in the cortex is not a simple one to one relationship.
The greater the number of fibers stimulated, the greater may be the response of each group of elements in the cortex.
This becomes mom evident from the results of repetitive stimulation. A weak stimulus repeated at any interval does not give constant responses. A stimulus which gives an occasional maximal response when repeated, may also give any amount less than this.
No stimulus however strong will give a second response as large as the first with an interval of less than three seconds between them. A just maximal stimulus is therefore taken as one that, when repeated at three second intervals, gives an occasional maximal response; a threshold stimulus is likewise one that gives an occasional just visible response.
A stimulus considerably stronger than the just maximal one will usually give a maximal response to each repetition at three second intervals or more. With more frequent stimulation than this is no simple statement can deal adequately, and the events will be analysed elsewhere. In what follows here, responses to single or slowly repeated stimuli are concerned.
Under the most constant conditions we can obtain, the responses of the cortex vary from each other in details.
The existing variation depends, among other things, upon the strength of stimulus used, and the place upon the cortex recorded from. Table 1 gives some representative times of occurrence of three of the components (the second, third and fourth) and the intervals between them at different points of the cortex; times are measured from the stimulus.
The series itself varies in length due to the number of components in it and to the spacing of the latter. Under some experimental conditions, namely, when certain drugs are used on the cortex, only the first component remains, though the usual normal response consists of five components. At times the response has been observed to last well over one second, each interval being longer than usual. A second series of responses can be started before the first has subsided without serious interference. The individual components consist, at times, of single large relatively simple waves; in other preparations they are represented by a group of lesser ones. If this group consists of but two waves, the latter may be located symmetrically with reference to the place a single wave would be expected to appear, and they may vary from being partly fused to being separated by a number of sigma. When a component is represented by four or five or even more waves they are much smaller than when fewer in number.
Not all components in a given series are similarly broken up into smaller waves.
Some may appear entirely simple while others show varying degrees of complication.
The members of any series are generally widely enough separated in time so that they can be identified even when so broken up. Consequently, one does not find hopeless confusion in a picture which is by no means simple.
Within a response of whatever length it happens to be; it is quite common to find one or more components lacking or vanishingly small at an amplification where the rest are large, there being no certain ones which, as far as we know, are more likely than others to be absent, except that the last two are often small. The first and second are frequently followed by waves which seem to be interpblated extra elements, rather than parts of the typical series. The chief variations in this aspect of the response arise as one goes from one animal to another or from point to point on the cortex. With any one location upon a single animal there is great constancy in this respect during an experiment lasting for an hour.
When a response is characterized by a series of simple members, they may be all monophasic and of the same potential sign, but even in this variety presents itself, and individual members may be of opposite sign. Monophasic components are usually observed except for the first diphasic wave, but both diphasic and triphasic waves occur sometimes even within a single response series along with monophasic potentials.
Two of the salient conditions for variability here also seem to be the animal used and the point of the cortex recorded from.
It has been stated that the response varies with repetitive stimulation even if at a rate of no more than once per second. However, if the stimulus is maximal or above for the first response, the characteristic alteration to be observed is the diminution of the amplitude from shock to shock, when after about three or four are delivered the height of the response comes to a nearly constant level, and at times may remain so, indefinitely.
On the other hand, if the stimulus is not much above threshold, at one per second, after only a few occurrences the response may entirely disa.ppear. Then again, only alternate stimuli may be effective.
Another type of variation is the simplification of the picture after two or three stimulations due to a change in the response itself, and possibly also to a change in the spontaneous activity.
A third kind of change occurs as stimulation is continued, namely, that one or more of the components in the series appear progressively earlier and earlier until perhaps four shocks have been given. For example, in one animal, the second component which consisted of a large rather simple monophasic wave came much later than a fifth of a second after the first, but shifted completely up into place by the time that it had made its fourth appearance.
Most attention has been given to the first component of the series. In it S. HOWARD BARTLEY AND GEO. H. BISHOP two elements have been identified, which though they distinctly vary, are more nearly constant in form than the other components. Under some conditions they appear at threshold definitely separate from each other, though at other times the one is superimposed upon the other.
They may be manipulated by at least two means: first, by varying the stimulus strength, and second, by the use of drugs upon the cortex.
It has been regularly found that the threshold of the one which is monophasic, designated in what follows as A, is lower than that of the diphasic wave, B. They may differ by as much as the ratio of one to three, usually less. Sometimes the usual series of five waves appears before the threshold for B is reached; A is then smaller than the following waves.
It is probably never maximal below the threshold for B, but is always small compared to the latter.
With additional stimulus strength, B rises to many times the original value of A. Certain examples are cited to show the variation in appearance of these waves.
I. In some instances A is first observed as a low prolonged wave as shown in figure SD . With further increase in strength of stimulus, a second wave of about the same size or slightly larger suddenly appears just in front of A, which itself moves earlier as the stimulus is increased. B now becomes much larger with added increments in stimulus intensity, until it obscures the form of A.
II. At other times A first appears as a small wave which suddenly changes shape when the stimulus is increased.
This transformation is shown in figure SD . Upon closely watching the phenomenon, one can see that a second wave which is diphasic appears just in time to be superimposed upon A. Increasing the stimulus in this case increases the amplitude of what is observed as the diphasic constituent, B, with the monophasic wave obscured from the start. III. In this case, before any pronounced wave is observed, there exists a very long though slight elevation of the base line in the region where the waves are expected to emerge. With a stimulus increase, this elevation is replaced by one and then two slight humps completely separated from each other.
A is later shown to be next to the stimulus.
When the stimulus is further increased, the late hump becomes relatively much larger than the early one and at the same time fuses with the former, becoming visibly diphasic.
IV. Here we find the threshold response, or A, a single slight hump in the base line. B appears at a higher threshold and later, apparently being monophasic and directed oppositely to the usual case. With stronger stimuli the larger record becomes definitely diphasic, but the first phase remains much smaller than the second. That is, a first phase too low to be certainly vkible at the start, increases in amplitude in its proper position ahead of the second. V. We may incidentally mention here that there is a stage in the poisoning of the cortex by strychnine directly under or close to the exploringelectrode, when A and B may be widely separated in time, with B varying in its time of appearance from almost complete fusion with A to a separation of about one hundred sigma or more. DISCUSSION. While the difference in threshold for these two components is sometimes slight, we think the evidence is fairly clear that the potential designated as A is the first element of the series of five similar waves, while B is distinct from this series.
First, B is always diphasic, all the rest are usually monophasic or but slightly diphasic.
Second, when the thresholds do differ significantly, the whole monophasic series may appear below the threshold for the diphasic element.
Third, strychnine abolishes the series of five monophasic waves, but increases the amplitude of the diphasic response.
The question then arises, are there two parallel pathways from retina to cortex, that is, do different fibers in the optic nerve initiate two different responses in the cortex; or is there a separation of pathways higher up, say, in the thalamus.
In spite of a difference in threshold for the two effects, the latter is probably the true state of affairs.
If a shock above threshold for both effects is repeated at one second intervals, both responses fluctuate together; that is, when this diphasic wave is high, the rest are also high, and vice versa.
It cannot be supposed that the optic nerve fibers differ so widely from the fibers of peripheral nerves as not to respond equally at one second intervals to a uniformly repeated stimulus.
The variation in response must be determined at some cell station along the pathway. The fact that this variation occurs equally in both types of responses indicates that they may have a part of their paths in common.
Not only this, but the facts that when more fibers are stimulated, the responses occur earlier, and that a stimulus which gives an occasional maximal response must be increased materially, (i.e., more fibers must be stimulated) to give a maximal response every time, indicate that the excitation of one fiber of the optic nerve may increase the response caused by the excitation of other fibers; that is, the greater the number of fibers stimulated, the greater the effect on each element responding. This is not necessarily contrary to the idea, supported by good evidence, that points in the retina are localized at points in the cortex, a situation which must require specific fiber pathways to connect such points.
It only requires the further assumption that the activation of one such pathway affects the ease with which parallel pathways may be activated, and this is quite the rule in the central nervous system.
In particular, the evidence suggests that it may require the activation of more than one fiber to cause any response at all, which would only be another instance of the summation so common in nervous activity.
The degree of summation required to bring about the two responses we observe would then be different, and might differ in different prepara-S. HOWARD BARTLEY AND GEO. H. BISHOP tions, corresponding both to the variations in thresholds for the two responses and also to the variations in the relative times after the stimulus at which they begin.
As to what these two responses might mean in terms of vision we cannot hazard a guess at present.
It is highly improbable that it requires a second of time for a rabbit to see a dog; it might take that much time for him to complete his whole visual activity with respect to what he "saw" more immediately.
A more serious obstacle is offered by the fact that the cortex does not respond continuously, but is refractory or depressed for some t.ime after a single stimulus; but the rabbit presumably gazes upon his environment unembarrassed by the periods of cortical blindness suggested by such findings.
It is possible that our procedure of stimulating all the fibers of the optic nerve at once, adopted as a means of simplifying the record of the response, has rendered it too simple to be interpreted in terms of vision, although still too complex to be analysed in terms of nervous pathways. A further possibility is that the mode of action of the cortex is different enough from that of lower centers and of peripheral nerves, so that the concepts of neurological functions founded on a study of lower levels do not apply to cortical activity.
At any rate, any concrete interpretation offered at this sta.ge could only bias future investigation, and further conclusions are therefore postponed. SUMMARY Herein, we have described the cortical response to stimulation of the optic nerve which can be observed rising above the continuous spontaneous activity recorded from the cortex.
It consists typically of a series of five major components occurring at approximately one-fifth second intervals. A number of variations in the constituents of the series is pointed out, among which are the complexity of the components, the frequent omission of one or more of them, the occasional reversal of potential sign of some of them.
An analysis of the first component shows it to be composed of two waves, one monophasic with a low threshold, and the other one much larger and diphasic with a higher threshold, superimposed in the usual record. 
